The presence of damage in the transcribed strand (TS) of active genes and its position in relation to nucleosomes in¯uence nucleotide excision repair (NER) ef®ciency. We examined chromatin structure, transcription and repair at the MET16 gene of wildtype and cbf1D Saccharomyces cerevisiae cells under repressing or derepressing conditions. Cbf1p is a sequence-speci®c DNA binding protein required for MET16 chromatin remodelling. Irrespective of the level of transcription, repair at the MspI restriction fragment of MET16 exhibits periodicity in line with nucleosome positions in both strands of the regulatory region and the non-transcribed strand of the coding region. However, repair in the coding region of the TS is always faster, but exhibits periodicity only when MET16 is repressed. In general, absence of Cbf1p decreased repair in the sequences examined, although the effects were more dramatic in the Cbf1p remodelled area, with repair being reduced to the lowest levels within the nucleosome cores of this region. Our results indicate that repair at the promoter and coding regions of this lowly transcribed gene are dependent on both chromatin structure and the level of transcription. The data are discussed in light of current models relating NER and chromatin structure.
INTRODUCTION
The eukaryotic genomic DNA in vivo is wrapped around octamers of histone proteins in a highly ordered pattern forming the nucleosomes and higher order chromatin structures (1) . This packaging is considered to be a general mechanism of silencing genes, preventing the easy access of transcription factors to their binding sites, and it has been shown to in¯uence the activity of important cellular processes like transcription, replication and DNA repair (2, 3) .
Although the relationship between chromatin structure and DNA repair is not well understood, some reciprocal in¯uences have been detected. Previous studies have shown that in chromatin the rate of formation and repair of DNA lesions depends on the nucleotide sequence and the chromatin environment surrounding the damage (4, 5) . Furthermore, DNA damage may also alter the structure of the chromatin (6) . The rate of nucleotide excision repair (NER) in Saccharomyces cerevisiae depends on the nucleosome structure along the non-transcribed strand (NTS) of the URA3 gene (7, 8) . Moreover, the wrapping of DNA around a nucleosome has been shown to inhibit the ef®ciency of NER in vitro (9, 10) . Recently, we have shown that Cbf1p-dependent changes in nucleosome positioning and/or protein binding affect mainly repair of cyclobutane pyrimidine dimers (CPDs) present downstream of the Cbf1p binding sites in the transcribed strand (TS) of the repressed MET17 gene (11), despite Cbf1p not being essential for transcription of this locus (11, 12) .
In order to further understand how the level of transcription and the structure of the chromatin in¯uence the rate of CPD removal by NER, here we study these three parameters under conditions that alter the level of transcription and/or nucleosomal conformation of a different Cbf1p-regulated gene, namely the MET16 gene, and where Cbf1p is essential for transcription (12, 13) .
MET16 encodes the enzyme 3¢-phospho 5¢-adenylylsulfate reductase of the methionine biosynthetic pathway (14) . In conditions where methionine is available in the medium, MET16 is expressed at low levels, i.e. 0.3±0.7 transcripts per cell (15; Mark Gerstein's laboratory website, http://bioinfo. mbb.yale.edu). MET16 transcription is regulated by two different pathways (12) ; one speci®c for methionine, which depends on the binding of a complex of Cbf1p, Met28p and Met4p to the CDE1 site (Fig. 1A) , and another through the general control of amino acids that depends on the binding of Gcn4p to the AP-1 site, although it also requires Cbf1p to be fully functional (13) . Cbf1p is a non-essential general transcription factor with af®nity for the CDE1 sequence present in Saccharomyces cerevisiae centromeres and promoter regions of multiple genes, including most of the genes involved in methionine biosynthesis (16, 17) . Moreover, Cbf1p has been shown to locally modify the chromatin structure around the CDEI sequence in several Cbf1p-regulated genes, including MET16 and MET17 (11, 12, 18, 19) . However, as mentioned earlier, important differences exist with respect to the precise effect that the absence of Cbf1p has on transcription at these loci.
We studied how DNA repair in both strands of the promoter and 5¢ end of MET16, is in¯uenced by changes in transcription and/or the nucleosome structure. These changes were accomplished by growing yeast cells in high or low concentration of methionine and by deleting CBF1.
MATERIALS AND METHODS

Strains, growing conditions and UV treatment
Two haploid isogenic strains of S.cerevisiae were used: DBY745 (MATa, leu2-3, leu2-112, ura3-52, ade1-110, CBF1) and YAG93 (MATa, leu2-3, leu2-112, ura3-52, ade1-110, cbf1D). Cells were grown overnight at 30°C in complete medium (YPD) to 3±4 Q 10 7 cells/ml, washed twice with minimal medium, and resuspended in minimal medium plus either 1 mM methionine (MET16 repressing conditions) or 10 mM methionine (MET16 derepressing conditions) to a ®nal concentration of 2 Q 10 7 cells/ml. After 2 h growing in the conditioning medium, cells were treated with 150 J/m 2 of 254 nm UV light as previously described (20) and allowed to repair the damage for a period of 1±4 h in the conditioning medium.
DNA isolation and determination of the rate of NER
The rate of NER at MET16 was determined at nucleotide resolution in the fragment between the MspI restriction sites (Fig. 1A) . Samples of cells were taken before the UV treatment (U sample), immediately after treatment (0 sample), and from treated cells allowed to repair the damage for 1, 2, 3 or 4 h (samples 1±4).
Genomic DNA was isolated as previously described (20) , and aliquots of~30 mg per sample were digested overnight with 120 U of MspI restriction enzyme at 37°C. The DNA was treated with Micrococcus luteus UV endonuclease to cut where CPDs were induced, and both strands were individually isolated and labelled at the 3¢-end with [a-32 P]dATP using biotinylated probes speci®c for the MspI fragment of MET16 (see below), as previously described (21) . Individual DNA fragments corresponding to strands cut with the UV endonuclease were resolved by electrophoresis in denaturing 6% polyacrylamide gels at 70 W for 2.5 h.
Autoradiographs were scanned in a Storm 860 PhosphorImager (Molecular Dynamics) and the amount of signal present at the undamaged top band and the different pyrimidine tracts was quanti®ed using the ImageQuant 5.0 software. The initial level of damage was calculated as the percentage of radioactivity present in the damaged DNA fragments in relation to the damaged plus undamaged fragments in the 0 sample. CPDs in short pyrimidine tracts were quanti®ed as a single band to simplify presentation and their rate of repair was calculated as the T 50% value, the time required for 50% of the lesions present in that band immediately after treatment to be repaired (21) . The repair data at nucleotide resolution shown in Results correspond to the average of four to seven different experiments. These data were also used to compare general trends of repair in the upstream regulatory region (from ±225 to ±38 nt), and the transcribed region (from ±38 to +275 nt) of each DNA strand. The statistical comparison of the rate of repair of the group of CPDs present in the same region was carried out by the Student's t-test for matched-paired samples (H0, mean value of the differences is zero). The statistical comparison of the rate of repair of the group of CPDs present in different DNA regions was carried out by the Mann±Whitney test (H0, both samples are taken from populations with identical median values). Table 1 shows the average T 50% of the CPDs present in the promoter, coding region and the whole DNA strands. All data are the average of at least three independent experiments.
Level of transcription
Total RNA was isolated using the hot-phenol method (22) from samples of 3 Q 10 8 cells, and MET16 transcription was determined by northern blot. Preliminarily, 10 ml of the RNA samples were electrophoresed in 1.5% agarose/0.25 M formaldehyde gels, transferred to nylon membranes (NENÔ Life Science Products) and hybridized overnight with a probe speci®c for actin (ACT1) to test the integrity and measure the amount of RNA by phosphoimaging. A second set of samples with similar amounts of RNA, as determined in the preliminary experiments, was loaded and hybridized with probes speci®c for MET16 and ACT1. After quanti®cation, the amount of MET16 transcript was corrected for ACT1 transcription. MET16 transcription in wild-type cells grown in YPD medium was used as a reference (1Q). Transcription in the other samples is expressed in relation to the reference value. 
Nucleosome mapping
Chromatin mapping at MET16 was carried out at the low and high resolution level by micrococcal nuclease (MNase) digestion of permeabilized yeast cells. The low resolution mapping, which detects MNase-generated double-strand cuts, was performed as described (23) . Brie¯y, 1.8 Q 10 9 cells from each yeast strain were grown as above. Cells were harvested, permeabilized with zymolyase and digested with 5, 10 and 20 U of MNase for 4 min at 37°C.`Naked' DNA samples were prepared from 9 Q 10 8 cells treated as above, but with two phenol/chloroform extractions and an ammonium acetate/ isopropanol precipitation before the MNase treatment. Samples of puri®ed naked and chromatin genomic DNA were digested to completion with EcoRI and analysed by Southern blot with a double-strand probe for the MscI±EcoRI fragment (412 to +736 nt).
Nucleosomes at MET16 were mapped at nucleotide resolution by using a biotinylated probe-directed enriching and end-labelling method (24, 25) , which detects both double-and single-strand cuts. To minimize the effect due to non-speci®c single-strand breakage induced by MNase digestion, the samples of genomic DNA digested with this enzyme were treated with T4 DNA ligase and T4 polynucleotide kinase for 30 min at 37°C (25) . The DNA was then digested to completion with MspI and after further puri®cation the two strands were individually labelled at the 3¢-end as for the DNA repair experiments.
Probes and primers used for DNA labelling and RNA probe preparation
The puri®cation and 3¢-end [ 32 P]dATP labelling of the MspI fragments of MET16 gene were carried out as previously described for the MFA2 gene (26) using the following probes: MspI-A, 5¢-biotin-GATAGCTTTTTT-GGTGGACATCACCT-ATTGATTCTAAAT-3¢ for the TS and MspI-B, 5¢-biotin-GATAGCTTTTTT-GCTTATATACGTGAATGGTTTGATT-TTTAG-3¢ for the NTS. Sequences in italics correspond to overhang modi®cations.
DNA probes for MET16 mRNA were prepared from PCR products obtained with MspI-A and -C primers (MspI-C, 5¢-CATCCG-GCTTATATACGTGAATGGTTTGATTTTTAG-3¢). Probes for ACT1 were similarly prepared using the following primers: 5¢-biotin-GCCGGTTTTGCCGGTGACG-3¢ and 5¢-CCGGCAGATTCCAAACCCAAAA-3¢.
RESULTS
MET16 transcription
Discrepancies in the MET16 transcription level obtained by different research groups have been ascribed to small variations in medium composition (12) . To avoid this problem and to be able to directly compare the results between different experiments, MET16 transcription was determined under the same growth conditions used to study chromatin structure and repair.
After northern blotting, the amount of MET16 transcription was estimated by normalizing against ACT1 transcription (Fig. 1B) . MET16 transcription in the wild-type strain grown in YPD medium (lane 3) was taken as a reference value (1Q). Similar levels of transcription were detected in this strain after growth in repressing conditions for either 1 or 2 h (lanes 1 and 2; 1.3Q and 1.1Q, respectively). However, MET16 transcription was induced 3.2-and 4.2-fold after growth for 1 and 2 h in derepressing conditions (lanes 4 and 5). Conversely, MET16 transcription in the cbf1D strain was consistently too low to be detected (lanes 6±10).
Nucleosome mapping at MET16
Positions of nucleosomes can be inferred from their ability to protect MNase cleavage sites in naked DNA. Nucleosomes at MET16 were initially mapped at low resolution by MNase digestion of the 9 kb EcoRI restriction fragment that includes this gene ( Fig. 2A) . These experiments showed some changes in the pattern of accessibility to MNase digestion, mostly related to the presence of Cbf1p, rather than the growth condition. Strain differences started downstream of the Cbf1p binding site (band A) and extended over three nucleosomes into the middle of the coding region (bands D). The main change corresponded to the presence of a new MNase cleavage site around the TATA-box in the wild-type strain (band B) that is absent in cbf1D cells. In addition, the positions of the internucleosomal cleavage sites (linkers) are shifted in the wild-type strain compared with the cbf1D strain (bands C and D), suggesting small displacements of nucleosomes positions. Two differences dependent on growth conditions were observed in the wild-type strain. Here, an additional MNase cleavage site below band C is evident on gene activation ( Fig. 2A, lane 3) and a cleavage site normally present at the end of bands D is missing in low methionine conditions. On the contrary, there were no growth-dependent changes in the cbf1D strain. Additionally, the MNase cleavage sites on the MspI restriction fragment were mapped at high resolution to allow a more precise delineation of nucleosome cores and linker regions. Figure 2B shows the TS of the MspI fragment digested with MNase. In the cbf1D strain, the region mapping approximately from ±160 to ±16 (relative to ATG) is resistant to MNase digestion, which is consistent with a positioned nucleosome (±1). This is separated from a second protected region (nucleosome +1), approximately from +20 to +168, by a 30 nt linker region (band C). It is clear that in the wild-type strain the position of band C is shifted by~25 nt towards the coding region and as a consequence, nucleosome +1 is also shifted by a similar amount. In the wild-type strain, the presence of the MNase-sensitive region, band B, disrupting the continuous protected region between bands A and C was con®rmed, affecting~15 nt around the TATA-box. Moreover, in MET16 derepressing conditions the whole region between the CDEI element and the TATA-box is more sensitive to MNase digestion than in repressing conditions. The differences observed in the Southern blot in bands D were not detected at nucleotide resolution. Finally, the region close to the end of the MspI fragment was slightly, but consistently, more prone to MNase digestion in the mutant than in the wildtype strain. Figure 2C shows the equivalent autoradiograph for the NTS. Here, the pattern of bands in the two strains and growth conditions is very similar, but the small displacement of band C detected in the TS is not observed. In the two DNA strands the intensity of the MNase digestion at band B follows the same order, i.e. in the wild-type cells band B is more accessible in derepressing than in repressing conditions, and in these cells the band B is more accessible than in the mutant strain. In summary, the approximate positions of the nucleosomes from these analyses can be seen in Figure 2 .
Damage induction and CPD repair at the MspI restriction fragment of MET16 Figure 3 shows typical DNA repair sequencing gels for both strains and transcription conditions of the MET16 TS and NTS. The initial level of damage in the two strains and different growth conditions ranged from 19 to 24% in the TS, and from 14 to 16% in the NTS. This small difference between DNA strands was due to the induction of slightly less damage over the length of the NTS (see Fig. 3 ). CPD repair rates at the MspI restriction fragment of MET16 are summarized in Figures 4 (average rate of repair at each CPD tract versus the nucleotide position), 5 (relative ratios of T 50% for CPD repair between cbf1D and CBF1 cells) and 6 (relative ratios of T 50% for CPD repair in repressing versus derepressing conditions).
Cbf1p in¯uences CPD repair in derepressing conditions
In either yeast strain the group of CPDs within the coding region of the TS (Fig. 4A) was repaired faster than those in the respective promoter region of the TS or the NTS overall (P`0.05). In addition, Figures 4A and 5A clearly illustrate that, in general, repair in the cbf1D strain was less ef®cient than in the wild-type strain. Moreover, the statistical analysis showed that repair of speci®c CPDs within the same region was faster in the wild-type strain (P < 0.001) in all the different regions.
In the TS, the maximum differences in repair for individual CPDs between both strains were obtained around the initial ATG codon, i.e. 3.7-and 3.4-fold faster repair in the CBF1 strain for the CPDs at ±3/TTTT/+1 and +3/CTT/+5 (Fig. 5A ). These differences decreased over the length of the coding region, reaching the minimum in a small region towards the end of the MspI fragment, namely for CPDs at 213, 228 and 251 nt positions.
Inspection of the rate of repair over the length of the NTS suggested the presence of a wave-like pattern in the two strains (Fig. 4A) , although this pattern was less obvious in the wildtype strain. To con®rm the presence of this pattern, data from Figure 4A were examined using curve analysis software (CurveExpert 1.3). For both strains, the best ®t for the rate of CPD repair along the TS and NTS corresponded to a 7±9 degree polynomial function, supporting the existence of the wave pattern (data not shown).
In general, repair in the NTS was faster in the wild-type than in the cbf1D strain (Fig. 4A ) and less differences occurred in regions that were repaired rapidly (Fig. 5A) . These include the region between the Gcn4p binding site and the TATA-box, the ®rst 50±70 nt of the coding region and the area between +160 to +210 nt. However, in regions where repair was slow, differences in the T 50% of up to 2.4-fold were seen (Fig. 5A) . The position of areas subject to fast repair corresponds primarily to MNase cleavage sites in chromatin, whereas the slow repairing ones correspond to the regions contained within nucleosome cores.
Cbf1p in¯uences CPD repair in repressing conditions
Since the absence of a detectable MET16 transcript in the cbf1D strain could be responsible for the differences in repair observed in derepressing conditions by reducing transcription coupled repair (TCR), we have also determined the repair rates for individual CPDs under repressing conditions (Fig. 4B) .
As was the case for derepressing conditions, in both yeast strains repair in the coding region of the TS was faster than in the respective promoter region of the TS or the whole NTS (P`0.05). Interestingly, repair of the group of CPDs within the same region was still statistically faster (P`0.05) in the wild-type than in the mutant strain ( Figs 4B and 5B).
In this growing condition, repair of the group of six CPDs present in the TS between the CDE1 element and the TATAbox was statistically homogeneous in the two strains ( Figs 4B and 5B). Immediately downstream of the TATA-box, repair rates started to diverge, i.e. 5.2 T 0.9 h in CBF1 versus 7.5 T 0.8 h in the cbf1D strain for the CPDs at ±92/TTTTTTTC/±86 (T 50% T SE). The maximum differences in this strand were obtained around the initial ATG codon, 2.1-and 2.4-fold difference for the CPDs at ±3/TTTT/+1 and +3/CTT/+5, respectively, decreasing towards the end of the coding region (Fig. 5B) .
Differences in CPD repair in the NTS were less pronounced than in derepressing conditions (Fig. 5B) . The largest differences corresponded to the CPDs at +49/TT/+50 (2.6-fold), +74/TC/+75 (1.7-fold) and around the TATA-box ±99/TT/±98 (1.6-fold). Finally, the rate of repair in the NTS was also characterized by a wave pattern, which was supported by curve analysis (data not shown) as in derepressing conditions. In this condition, the three regions of fast repair matched the Gcn4p binding site, the ®rst 50±70 nt of the coding region, and the fragment between +160 to +210 nt positions (Fig. 4B) .
Transcription in¯uences CPD repair at the MET16 NTS and TS
The in¯uence of the transcriptional status on NER was studied by comparing for each yeast strain the rate of CPD repair in the two growth conditions.
In the wild-type strain (Fig. 6A ) the CPDs induced in the TS, taken as a group, were repaired faster in low methionine than in high methionine (P < 0.001). In general, repair was 1.6-fold faster in low methionine, with the exception of a small region from +200 to +250 nt with similar rates of repair (Fig. 6A) . Similarly, the CPDs in the NTS, as a group, were also repaired faster in derepressing conditions (P < 0.01). The biggest differences in repair were observed in a fragment of 80 nt around the TATA-box, and in a small region between the +100 to +125 nt positions, both of them lying within the core of the proposed nucleosomes.
In the cbf1D strain, a smaller difference in the rate of repair was detected between growth conditions (Fig. 6B) . In general, cells grown in derepressing conditions repaired the group of CPDs induced in the TS faster than those grown in high methionine (P`0.05), on average a 1.3-fold difference. However, no signi®cant differences between the two growth conditions were detected in repair of the group of CPDs on the NTS, either taking them as a whole or for the promoter or coding regions individually. In this strand the biggest difference in the rate of repair for individual CPDs corresponded to those close to the TATA-box (1.6-fold difference), which were faster repaired in derepressing conditions.
DISCUSSION
Cbf1p in¯uences MET16 transcription and chromatin structure
The results from the transcription experiments show a profound impairment of MET16 transcription in the absence of Cbf1p and a modest (4-fold) increase of MET16 transcription in wild-type cells grown in derepressing conditions. This is similar to the induction previously reported for this gene and in agreement with the importance of Cbf1p in MET16 regulation (12, 13) .
In addition, Cbf1p causes, either directly or indirectly, the remodelling of MET16 chromatin structure at promoter and coding regions. The different methods used in this work for the nucleosome mapping experiments showed small discrepancies in the pattern of MNase accessibility. This is probably due to a combination of several factors, i.e. the detection in the low resolution mapping of non-speci®c single-strand cuts, the presence of the DNA-histone contacts at different positions in the TS and NTS (27, 28) , and the effect of transcription factors bound to one or the other strand.
Taking into account the results from the low and high resolution mapping experiments, the pattern of MNase digestion of cbf1D cells suggests the presence of two nucleosomes in the MspI fragment of MET16, one covering the area between the CDEI element and the beginning of the coding region (±1), and the other between bands C and D inside the transcribed region (+1). These positions are similar to those previously described in a different cbf1D strain employing a low resolution approach (12), i.e. nucleosome ±1 would correspond to that between the MNase cleavage sites E¢ and G, and nucleosome +1 to the one between G and H. Results from that study suggested that in the presence of Cbf1p, nucleosome ±1 would be completely displaced from the DNA. However, two facts indicate that this is not happening in our experiments. In CBF1 cells we observe a MNase-sensitive region over the TATA-box, leaving a protected region between bands B and C of only 90 bp, which is too short to accommodate a nucleosome. Yet, the bands observed in the naked DNA between bands B and C do not appear in the CBF1 background. In addition, the MNasesensitive area C, a possible linker region, is displaced in the TS towards the coding region, but is still partly overlapping the equivalent area in the cbf1D strain. These facts suggest that in the CBF1 strain nucleosome ±1 would still be present over the TATA-box, but covering a slightly different region. This poses the interesting question as to how a positioned nucleosome can coexist with the presence of an internal MNase-sensitive region. According to previous chromatin studies, this coexistence could result from the partial disruption of some DNA-histone contacts (27, 28) by the RNA polymerase, chromatin remodelling factors or histone acetyltransferases (29±34), leaving the TATA-box region in a small intranucleosomal loop. This kind of structure would be consistent with the presence of the transcriptional intermediates detected in vitro with the SP6 RNA polymerase (32) or the stepwise uncoiling of individual nucleosomes obtained by applying tension to the end of DNA wrapped around a nucleosomal array (35) . Alternatively, it has been proposed that the displacement or destabilization of one H2A/H2B dimer would facilitate the access of transcription factors to nucleosomal DNA and transcription (33,36±38), which would also be compatible with the appearance of the new MNasesensitive region and the reduced size of the protected region between bands B and C.
The effect of Cbf1p on the level of transcription and chromatin structure is different at MET16 than in the a priori similar MET17 gene, i.e. Cbf1p is essential for MET16 transcription but not for MET17 (11±13; this work); at MET17 Cbf1p changes the position of two nucleosomes maintaining the TATA-box in a nucleosome-free region, whereas at MET16 the nucleosome over the TATA-box is preserved basically at the same position in the presence of Cbf1p but in an altered state, thus leaving the TATA-box in a small unattached region (11, 12, 18, 19 ; this work). The reasons behind this different response are not exactly known. It may depend on the presence of two Cbf1p binding sites at MET17 instead of only the one present at MET16, and where the sequence is slightly different. It is also worthy to note that MET16 is considerably less transcribed than MET17 either for basal or induced levels of transcription (15; Mark Gerstein's laboratory website, http://bioinfo.mbb.yale.edu), so the way in which transcription factors in¯uence these loci cannot be identical.
CPD repair at MET16 depends both on chromatin structure and transcription extent Our results show a signi®cant in¯uence of methionine concentration on the rate of CPD repair at the MET16 locus, although this effect is more marked in the wild-type than in the cbf1D strain, which is consistent with its bigger in¯uence on MET16 transcription in the wild-type strain. Interestingly, many of the CPDs in the cbf1D NTS were repaired slightly faster in repressing than in derepressing conditions. Since no transcription of MET16 is detected in the cbf1D strain and repair in the NTS is greatly dependent on chromatin structure (7,39), we assume this effect is due to local changes in chromatin structure that increase the accessibility or functionality of the NER machinery in repressing conditions.
Despite the substantial differences detected in MET16 transcription, the group of CPDs in the coding region of the TS is always repaired faster than those in the corresponding nontranscribed regions. This fast repair always starts~30±40 nt upstream of the start of translation, and reaches the maximum ef®ciency around the initial ATG codon. Although when transcription occurs this can be attributed to TCR, the presence of fast repair in the coding region even when transcription is absent or highly suppressed (cbf1D strain) supports the idea that at a primary level, ef®cient repair of some lowly transcribed genes, such as MET16, may depend on chromatin characteristics more than on transcription per se enhancing TCR (40) .
The ef®ciency of NER in the NTS of the URA3 gene has been shown to be modulated by nucleosome positioning (7, 8) . Accordingly, the rate of repair of individual CPDs in the MET16 NTS follows a wave pattern with a periodicity approximately equal to nucleosome spacing. However, this pattern is somehow less obvious in the wild-type strain grown in derepressing conditions. The peaks and troughs of this wave occur basically in the same regions in both strains, supporting that the nucleosomes occupy similar positions irrespective of Cbf1p status. Furthermore, the more ef®cient repair of the four CPDs present in the NTS between the Gcn4p binding site and the TATA-box detected in MET16 derepressing conditions correlates with a higher MNase sensitivity in this region.
Although this pattern of nucleosome-dependent repair is not obvious in the TS, in both strains and growth conditions the areas of fast and slow repair in the region covered by nucleosome ±1 are concordant with those in the NTS. Moreover, contrary to that seen with the URA3 gene (7, 8) , a small patch of slow repair coincident with the core of the nucleosome over the coding region of the TS (+1) can be detected in cells grown in repressing conditions. This is likely because with lowly transcribed genes, such as MET16, TCR is not operating to repair all CPDs in the TS. Thus, GGR would repair many lesions in the TS when transcription levels are low. With respect to URA3, transcription levels are much higher, so the role of GGR in repairing the TS would be much diminished, and TCR would operate more effectively, explaining why no wave pattern was seen for repair of the TS at this locus.
Deletion of the CBF1 gene, particularly when transcription is derepressed, decreases the ef®ciency of CPD removal in both strands of MET16, although its in¯uence is not homogeneous along the MspI fragment. In both transcription conditions, the highest differences in CPD repair detected in the TS correspond to the region between the TATA-box and the +100 nt position, which includes the main area remodelled in the presence of Cbf1p. Absence of Cbf1p has a small, but signi®cant, effect on CPD repair along the NTS when transcription is repressed, while its in¯uence under derepressing conditions, especially in the promoter region, is more marked. Here, although the ratio of repair between strains is similar in core and linker regions, CBF1 deletion reduced NER ef®ciency to the lowest levels at the CPDs within the nucleosome cores. The differences detected in the rate of repair at MET16 due to Cbf1p absence are probably the consequence of a local effect because the overall ef®ciency of NER in cbf1D cells is indistinguishable from wild-type cells when the rate of CPD removal from total genomic DNA is measured by CPD immunoblotting (data not shown).
As indicated above, transcription regulation and chromatin remodelling at the MET16 and MET17 genes show important differences. Concurrently, some differences in CPD repair at the two genes can be seen (11; this work). First of all, fast repair of CPDs in the coding region of the TS is detected in the two strains and growth conditions at MET16, while this only happens under inducing conditions at MET17. Moreover, while fast repair at the MET16 TS starts 30±40 nt before the initial ATG codon, at MET17 it starts~200 nt upstream of the coding region. On average, repair rates in the NTS at both genes are quite similar. The most striking difference between MET16 and MET17 corresponds to repair of CPDs in the TS. Here, while cbf1D cells repair CPDs with a more or less similar ef®ciency at either gene, the wild-type cells repair CPDs more ef®ciently at the MET16 TS when transcription is activated. This is surprising because the amount of transcription from MET16 is~10-fold less than that from MET17. Finally, repair at the MET16 gene shows a stronger correlation with nucleosome positions than repair at the MET17 gene. Together, these differences indicate the dif®culty in predicting how ef®ciently repair at the nucleotide level is going to operate at different genes in relation to transcription, the binding of regulatory proteins and nucleosome positions.
In summary, the rate of CPD repair via NER at the MET16 gene, can be modulated by a number of different parameters. Repair is dependent on the nucleotide sequence of the damage-containing region (4, 5) . It can depend on the location of the damage in relation to nucleosome positioning and it can be further in¯uenced by the binding of speci®c chromatin remodelling factors governing nucleosome position and/or conformation (7, 8 ; this work). Finally, the actual rate of repair for each CPD position in the transcribed portion of the TS would depend on the transcriptional status and the amount of transcription of the gene in question.
Lastly, given the fact that NER is faster in the TS of the lowly expressed MET16 when compared with that seen at the more highly expressed MET17 (15; Mark Gerstein's laboratory website, bioinfo.mbb.yale.edu), simple extrapolations concerning rates of repair versus rates of transcription are not possible for these loci. This may well be a re¯ection of the complexity of factors governing NER rates throughout the genome and suggests caution in generalizing from NER effects seen at speci®c loci.
